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Final Report on Contract DAJA45-87-C-0059,
‘Processing of Mixed Oxide Superconductors'

Introduction

This work was initiated soon after the discovery of high temperature
superconductors. Although much effort was being put into the search for
higher temperature materials, it rapidly became clear that the main
obstacle to the application of these materials was the low critical current
density. Although in conventional materials the critical current density
was determined by the pinning of flux lines by defects in the
microstructure in high T¢ materials the appearance of weak links, or
Josephson Junctions, at grain boundaries was the dominant effect.  This
was a completely new phenomenon and led not only to rather low critical
current densities in zero field but to a catastrophic drop in fields of only a
few millitesla, although the upper critical field of these materials is
extremely high ( probably greater than 150 Tesla). Since artificial weak
links are the basis of most electronic applications of superconductors their
appearance at natural grain boundaries suggested that it would be
extremely difficult to use conventional techniques to make devices and
this has proved to be the case. Understanding and control of the weak
links at grain boundaries was clearly the key to applications of the high Tc
materials and this still remains true.  This contract was initiated at an
early stage in this subject, which developed at an unprecedented rate and
a number of different lines have been tackled in the course of the last two
years. In addition to rapid changes world wide a major research centre
on high Tc superconductors was awarded to Cambridge which involved
moving the work and people to a new site and the creation of a large new
laboratory containing physicists, materials scientists, chemists and
engineers.  Although in the long term this makes for a much more
powerful group it inevitably led to considerable disruption in the middle
stages of this project. The work can be divided into four main sections.
These are magnetic separation, levitation, screening, and critical current
studies.  Each has led to several publications or internal reports which are
enclosed as part of this report. The sections which follow summarise the
main conclusions of these papers, the main text of these reports and paper
is in the appendices.
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eparation

Ceramic superconductors tend to be mixtures of phases, especially when l
first discovered. It would be very useful to separate out the
superconducting from the non superconducting phases so that they could l
be studied on their own. The diamagnetic properties of the
superconducting state will in principle allow superconducting material to
be levitated from the non superconductor and several designs of separator I
were tested. There are a number of difficulties which emerged.

1) It was essential to allow time for the particles to come to the right
temperature. This meant that dropping particles, even in a liquid, was I
unsatisfactory unless they were held for a time at a low temperature.

2) Electrostatic forces on fine powders are very strong so that it was
difficult to avoid clumping and sticking to substrates.

3)To get large forces we need a large field gradient, but fields less than
Hc¢1. This is very low in high T. materials and if exceeded leads to
paramagnetic moments as the field decreases so that the graph of force
against distance from the magnet is very complex.

4)Turbulence causes normal particles to scatter instead of falling
vertically.

5)Materials with the highest T, appear to be layer structures with a very
large penetration depth in one direction. Particles turn so that the
magnetisation is a minimum and so small particles of these materials do
not levitate.

The first experiments used a dry system with the powder vibrated on a
solid sheet (Appendix I). This has a major advantage in bringing the
particles to temperature slowly and does not require actual levitation.
However clumping and sticking of particles led to unsatisfactory operation.

The most successful apparatus is described in Appendix II.  There are
two versions, one for small quantities and one for larger scale separation.
Material was brought to temperature in liquid nitrogen and dropped
through a sieve onto a conical magnet with a hole in its centre. This
worked well in separating YBCO from non superconducting material.  The l
main error was some scattered normal material being deflected outside the
central hole. Further development would require the technique to be
extended to a wide range of temperature.  Gas would be used instead of I
liquid and the both dropper and collector would have to be put in a
container with accurate and uniform temperature control. This is quite
feasible but was not attempted within the time scale of this project. Before l
embarking on it it would be necessary to measure the levitating
properties of a number of materials since it appears that YBCO is unusually
easy to levitate because of its relatively small penetration depth. I
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Levitation and Damping

The study of forces on particles gave a better understanding of the
levitation process and A.C. measurements described below are a measure
of the frictional forces. It seemed a useful idea to put these together and
see if the damping of a levitated magnet could be explained quantitatively.
In general moving and rotating magnets cause large field fluctuations and
the resulting hysteresis losses bring it to rest fairly quickly.  However if a
magnet rotates about its axis of symmetry the field should be constant and
there should be no damping. Gyroscopes using superconducting niobium
have extremely low damping and it would be very useful to make a
similar machine of high T. material. The results are in Appendix III. The
geometry used was a disc floating above a sintered sheet of YBCO. The
magnet was set rotating about its centre and the time to come to rest
measured.  Although damping was much less than in other modes, typical
times of the order of twenty or thirty seconds meant that the performance
was well below that found in niobium. To determine the reasons a
magnetic map of the magnet was made with a search coil. It was found
that there were field fluctuations of the order of a few millitesla due to
magnet inhomogeneity and considerably larger ones due to a small chip in
the magnet edge. At the height at which the magnet was levitating the
field at the superconductor was well above H.; so that losses will be
relatively high and the observed values were consistent with the damping
of the magnet. There are two ways of improving the performance of this
bearing. One is to improve the magnet homogeneity, the other to increase
the critical current density of the superconductor. Improving J. will also
give a much stiffer bearing, or a greater height of levitation, so we can
expect greatly decreased damping as materials improve.

Screening and Flux Trapping.

It was clear from an early stage that there were two separate critical
current densities in high T, materials, the intergrain currents between
grains and the intra grain currents within them.  These differ by three
orders of magnitude and it is important to be able to measure both.  The
first technique developed was to measure the fields inside and outside a
hollow cylinder. The experimental results showed that a significant field
was being generated by the diamagnetism of the grains and that this,
combined with self field effects, made most of the current flow on the
outer surface when field was trapped in the cylinder.(Appendix 1V)  The
method was superseded by an A.C. technique described below which did
not require hollow cylinders, but it led to an interest in the screening
properties of high T ceramics. A theoretical calculation showed that
screening due to diamagnetic particles without supercurrents between
them was only effective close to the screen. (Appendix V) This explains
why a ceramic can levitate a magnet which is close to it but is not good at
screening fields at large distances compared with its thickness. To provide
good screening for any but the lowest fields a high critical current density
is required.
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The central problem was ( and remains) the weak links at grain
boundaries. = The original intention was to use hot isostatic pressing and
standard sintering techniques to consolidate the ceramic. There were
clearly going to be problems with oxygen loss and subsequent oxidation
but it rapidly became clear that the problem was more fundamental than
merely cleaning up the grain boundaries. It was therefore necessary to do I
some more fundamental work on the nature of the boundaries and why
they were causiug problems.  This decision was clearly the right one since
no improvements in sintering techniques have yielded a useful material. '
The most successful have all involved melting and only small samples have
been produced.

Firstly a calculation was made using numerical solutions of the Ginzburg- '
Landau equations. Although not very accurate we were able to test
various hypotheses for the low current densities. = None worked very well
and in general the results suggest a good deal of damage over many l
coherence lengths is needed to explain the experimental values.  since
many boundaries look very clean oxygen loss or crystal relaxation may be
the explanation. (Appendix VI)

An A.C. apparatus was developed to measure critical current densities
and the penetration of flux into the sample. This was based on our
earlier work with conventional superconductors, but the granular nature
of high T. materials meant that the interpretation was not straightforward.
The critical current measured is affected by demagnetising factors and the
self field of the current.  The first is dealt with by plotting results as a
function of the internal field. (This is described in Appendix VII) The

second shows up as nonlinearity on the flux penetration graph and in

many samples the true zero field current would only be measured if the I
thickness is less than a third of a millimeter. Another new effect is that
many samples were much less than fully diamagnetic. Most authors I
have interpreted this to mean that the sample was not single phase but

we believe that in most cases the true interpretation is that the I.ondon
penetration depth is comparable with the particle size. In gereral doping
seems to lead to large increases in the penetration depth. Sirce the
calibration of the system depends on knowing how much material is
superconducting this effect is important in the interpretation of all l
magnetic measurements.

The first measurements concentrated on the effect ot twins on the
critical current within grains.  These had been prorcsed as pinning centers l
which would increase Jc, or alternatively as weak links which would
decrease it. By doping with cobalt to eliminate twins we were able to
show that the effect of twins on J. is generallv very small (laier work by
others has shown a significant pinning effect if the orientation of the field
is accurately parallel to the twin planes. We then looked at the effect of
cobalt doping on the inter and intragrain critical current densities. The I
first striking result was that both critical currents decreased in the same
proportion.  This seems surprising since one is supposed to be limited by '




flux pinning within grains and the other by Josephson tunnelling across
grain boundaries. These two very different mechanisms and locations
would be expected to be affected quite differently by the cobalt. The
result suggested that both might be expressed as a proportion of the
depairing current, H_./A. Measurements of H,, and H, were made and
there was certainly a correlation between the depairing current and the
critical currents. However there are considerable uncertainties in these
measurements so that a quantitative fit could not be relied on. Using the
Abrikosov theory we calculated H¢y at zero field from H.; and H, since it
is much too high to measure directly.  This showed that the cobalt was
decreasing H;, and therefore increasing the coherence length. Since the
critical current was also decreased it is difficult to justify the conventional
view that the weak links at grain boundaries are caused by the short
coherence length. If this were the case increasing the coherence length
should increase the critical current density which is che opposite of what
was observed. A preliminary report of these results was given at the MRS
meeting in San Francisco this year and they are now being written up for
publication.

Conclusions_and future work

VA reasonably complete understanding of the macroscopic
consequences of the granular nature of high Tc materials has been
obtained. Levitation, damping, and screening are all consistent
with the picture of large intragrain currents and small intergrain
currents.  Magnetic separation works well for YBCO in liquid
nitrogen. The technique can certainly be extended to other
materials but foe practical purposes problems may occur due to
the large penetration depth and small size of new materials when
first prepared. The causes of, and solutions to, the problem of
weak links at grain boundaries remain obscure. The work has
shown that there is a close link between the intergrain and
intragrain currents and that the short coherence length of oxide
superconductors is not the main problem. The closest correlation
seems to be with the depairing current so that we should look for
materials or dopants which decrease the London penetration
depth or increase the the thermodynamic critical field. Future
work should concentrate on this area and in particular follow up
the clues offered by recent excellent results on Bi based _ .
superconductors at low temperatures. f. . . , T S /-
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Appendix 1

Dry Separation

Internal Report by

A.Perry
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2. Magnetic Separation

Superconductor material is currently used in two forms; it can be made as a thin film on a substrate
surface (by ion sputtering, evaporation, etc) or pressed as a powder into molds and sintered into a required
shape. Th: former method is sufficient for applications that only require a thin layer of current transport
but many applications require solid items that cannot simply be evaporated as a thin layer onto a shaped
surface. In these applications it is necessary to sinter the powder, then to oxygenate the item at elevated
temperature to return the oxygen lost during sintering to the crystal structure.

The powder material to be pressed into shape is currently formed from precursors that are usually the
oxides or nitrates of the elements involved. These are thoroughly mixed and baked to assist diffusion. The
resulting material is ground to a fine powder to mix the resultants as finely as possible and baked again. After
a number of such steps the composition is sufficiently uniform for superconductivity to occur. There are a
number of ways that the initial mixing stages can be facilitated by using intermediate compound precursors.
finer initial powders. mixing in suspension etc. but the basic method remains unchanged.

The resulting powder. ready for pressing to shape, consists of a proportion of material with the correct
composition together with quantities of various “close’ compounds that do not have the required properties.
When this powder is pressed. the sintered material will consist of regions of useful superconductor connected
by bridges between the powder grains. The resulting network of regions is affected by the {raction of other
compounds that do not contribute to conduction and reduce the overall cross-section of conductor.

For any given proportion of useful superconductor, centred on the composition value required. the
Jiffusion process that led to its generation will not average the composition between grains, leading to small
variations in composition. These can still superconduct, but their properties will he noticably worse than
the intended result.

As newer materials are found. many of the better performance materials can form in several different
phases of which only one is the improved performance and the others, while useful in their own right. are
merely impurities in the required material.

With these considerations in mind, it is clear that some form of grading system is needed to separate a
quantity of powder into the various superconducting phases present and to remove the useless material for
recycling. If the initial average mixture had the correct composition. then the removal of superconducting
iand hence correct composition) material will not affect the mix of the rejected material and this can then
be recycled into the next batch to be baked.

Observed powder properties

[t is vasy to plan simple methods of grading such a material; most prospective schemes fail after some
expertmentation with the powder.

While on the scale of superconduction the grains of powder can be considered quite large, as a quantity
of powder the grains are not distinquishable; like most fine powders they can bind together into clumps that
do not ecasily separate and tend to ‘stick’ to any surface. It will hence not slide or pour down inclines, but
prefer o electrostatically attach itself to the surface and remain where it was placed. Any piece of powder
that s willing to move is likely to be a clump which, while large enough to avoid staving in place. can not
Le graded as the clump will contain a variety of phases.

The force experienced by any superconducting particle in a fielu is large compared to its weight. but
casily overshadowed by air movement or a neighbouring surface. Unless a carrying surface is smooth, the
powder is unlikely to move freely. Any liquid nitrogen can push clumps around. especially 1f floating above
a vaponr layer, but it does not appear to interact sufficiently with any ‘stuck” material that would move 1t.




Separating forces

For particles of this size range it is easy to show that the forces available by Meissner effects are far too small
to be useful and it 1s necessary to work in higher fields, using the forces due to pinned flux. While we could
easily derive the likely forces by using theory and considering a simple sphere of superconductor with some
value of critical current and integrating, there is little point in doing so as a measured magnetisation curve
for the powder can tell us the parameters we require.

As the ambient magnetic field increases, the reversible magnetisation curve drops to zero and flattens:
the energy of the magnetic state of the superconductor, H. M, is virtually unchanged by small changes in
the local field intensity. It is hence necessary to use large field intensity gradients to apply reversible forces.

dH dM,
Fr_M,.dI +H e
dH
=~ M, —

dr

Flux pinning forces, on the other hand. manifest thems=lves as the irreversability of a magnetisation
curve. The force required to irreversibly move some material can be found by considering 1t to be moved
back again. As the field changes. the irreversible magnetisation varies as the flux is resisted by the pinning
torces and M varies from Mge = VM, —0M to Mne = M, +6M. The energy dissipated by traversing a icop
in the magnetisation diagram is its area: the force resisting motion is thus half the rate of this dissipation of
energy with fleld and distance. For large fluctuations where poH >» M, we have

E,' = bﬂ[(H - 61\«[/;10)
dE

_._1% hY
5 6M
dH dE;  dH
(= e = )
F=gam =Y

This 1s not valid during small field variations. as the loop traversed is no longer an angled parallelogram and
collapses into an ellipse. Then

]
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With these relations in mind. a graph of the expected force can be derived for a given local field intensity
with which motion is resisted. A particle that is sufficiently cold to superconduct will thus see a valley that
follows the magnetic equipotential lines; only when the perpendicular force 1s suffiently large will the valley

be ignored.

Transport surfaces

If the powder s levitated. there will be no action that will encourage the clusters to hreak up Indeed it is
favorable for mildly magnetised powders to cluster, as this reduces their total surrounding space and hence
the volume which thetr field oddity affects. It is disadvantageous to allow such clumps to lift off. as there
i5 then no way to brexk them np. Some torm of repeated levitation could be used as the clumps would be
disturbed whenever they “land’

In general, then, the powder will have to move on some sort of surface. Brass. aluminium aund glass were
rried: these all appeared to get equally dicty but allowed the powder generally to move. Such dirt can not
Le allowed to aceumulate on any apparatus that intends to slide the material. as it will be randomly atfected
by the stuck powder that preceded it. Plastics, on the whole, appeared to suifer equally. but when polished

10 .
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clean appeared to resist such effects more readily. It was found after some experimentation that PTFE was
able to carry the material and usually allow it to slide freely for no reason that has been ascertained at this
time. On some occasions the powder would tend to dirty the surface, but not as much as had occured with
the metals. A vigorous polish was used to generate surface charge (liquid nitrogen being an insulatort. on a
aunother oscasion an electrostatically charged ramp was used to deliver powder onto the surface but neither
of these appeared to make much difference to the behaviour of the material.

Linecar methods

How should the force due to the magnetic interaction be applied 7 A magnet may be passed underneatin 4
surface covered with powder to push material ahead of it subject to the "sticking of the clumps to the <urtace
Temperature and/or field gradients can grade the powder by finding the limut before supereonductiviry tuls
1508 chown in diagram 2.1

Diagram 1

Linear separation of a fine powder

Such a technique was tried: the results were similar to those found wlsewhere[3] The ~epararion e
Aue 1o the active region being the area immediately in front of the magnet. limiting the <ampl wiee tor
wparation te the small amount of powder that can occupy that tiny region If too much pow:r s e
wpartton will not necur as large amount of material that is not superconducting will b carried along by
the remarnder,

[his s aouseful tecnnique but is limited to situations where fractions of a gramme spmple size = ot a4

fabaiity 11 is especiaily attractive to chemists who are searching for a mmerity phase with abnermadiy fazd




Area methods

It is possible to extend a linear separation niethod by widening the ftrack and the moving magnet so that
the separation region is wider, being the width of the track. Unfortunately. any imperfection in the track
vt the magnetic field will progressively tend to collect the powder into heaps which are swept along I the
track is not level, the powder tends to drift across the track in the downhill directicn. It is these difficulties
that make area methods impractical.

Vibration methods

Powder placed on a shallow incline may be moved ‘downhill’ by forcing the surface into a vertical mode of

vibration. Such a slow vibrated transport can move powder past a grading station, normally a fork in the
track. with one exit shielded by a magnet and the other by a small uphill slope. The powder moves past
the station in a continuous stream, so that while the instantaneous active volume is unchanged, the total
sample size can be much bigge:.

An apparatus was constructed for this technique which operated successfully and was able to separate
powders into two parts: one superconducting at the ambient temperature and the other not. During any run.
flowever, the transport surface would cover itself with large amounts of powder and the smooth transport
would fail making continuous operation impossible. The implementation is termed an overall failure. partiy
Lecause the stuck powder cannot be reclaimed after removal and partly because the frequent cleaning required
colltiiiuous operator attendance.

Dropping Methods

The methods described so far involve sliding the powder along a track. An alternative application of the
magnetic force would be to levitate falling powder. Powder thuu is dropped onto a magnetic field will be
repelled. allowing the unaffected powder to be discarded. A number of variants are possible. those that have
been tested are described below.

if the powder is poured onto a simple magnet. the superconducting powder will fall next to the magnet
due to the convex shape of the magnetic fleld. A magnet must be used with a hole in the middle in order
tha. the magnetic field 1s slightly concave and the powder remains 1n a known position.

If the powder drop path passes through the area where levitating powder is collecting then later powder
particles can knock levitated powder through. It is necessary to ensure that the levitated powder 1s to one
side of the falling powder.

This method has not solved the problem with the powder remaining in clumps. It might be hoped
rhat. if dropped from a suificient height, that the forces involved in the deceleration might disrupt the
climips. The Kinetic energy necessary for this to occur is well above the power of the levitation so that good
stuperconducting material will not stop.

The magnet can be placed to one side of the drop path in order to deflect the falling powder away from

iselt. "The pinning forees, being the main effector in this situation, are not concerned with the direction of

the magnerie field gradient; the magnetic levitation fore~ will primarily try to keep the powder at a constant
magnetic tield. Thaos. as the powder passes the magnet, it will at some point be tangent to it Thereatter,
the field wiil be decreasig and the powder wili experience a net attractive foree towards the magnet  The
~ombination of imtial repulsion and subsequent attraction make this method very difficult to implement and
attempts at simphfying the sitnation fauled. Results have been reported [3] suggesting that this method is

[)"m.\'ll)l’,’.

I{ the powder never needs to leave the vicinity « the magnet, the unpredictable attraction descrined
above will never occur. This can be set up if the magnet is a concave track that leads powder from its
snginally vertical path away from the vertical drop and .nto a container Two magnetic ares. as in diagram
220 can provide such utield, Tt was unfortunate that this method conld not be rosted as the magnets
necessary would not have been ready in the tume seale avadable. It s hoped that it can i future be tried.
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Diagram :.2: Magnetic track separation method




Appendix II
Wet Separation
Internal Report by Dr.F.J.Blunt



Magnetic separation of superconductors
F.J. Blunt, AM. Campbell

IRC in Superconductivity, West Cambridge Site, Madingley Road,
Cambridge CB3 OHE

Abstract

In this paper two designs of magnetic separator are described.
One is suitable for separating a small quantity of superconducting
material from a large quantity of normal material. The other is
particularly useful for the rapid separation of large quantities of
superconducting material. Each uses a permanent magnet, runs
immersed in liquid nitrogen and is very simple to build.

Keywords: High Tc, Magnetic separation

[ntroduction

Magnetic separation has been used industrially for the removal
or separation of ferromagnetic materials for many years. Both the
attraction of a magnet for a ferromagnetic material, and the
repulsion between magnetised objects has been exploited. The
separation of superconducting materials from non-
superconducting materials can also be achieved magnetically,
using the diamagnetic properties of superconductors. Levitation
is widely demonstrated in these materials, and it is this property,
combined with careful magnet design which is used to achieve
separation.  Magnetic separation has already been demonstrated
using this principle (1), but the design only allowed a ‘one off
separation of a very small quantity of material.




Magnetisation of Superconductors

Levitation of a particle lowered towards a magnet surface can
be understood by analysing the magnetisation of the particles as
they approach the magnet. The typical form of a magnetisation
curve at 77K for a large grained sample of YBCO is shown in figure
1. When lowered towards a magnet the force experienced by the
particles is given by the product of the magnetisation M and the
field gradient. The magnetic field experienced by a particle
descending along the axis of a cylindrical magnet close to one of
its poles is shown in figure 2(a), and the resulting field gradient is
shown in figure 2(b). Levitation occurs a few millimetres away
from the surface. The overall field pattern is shown in figure 2(c).
It is to be noted that particles falling near the outer e : of this
magnet will be repelled away from the magnet altogether.

Magnetisation of superconducting particles is also a function of
particle size and the reduced temperature, T/Tc. High Tc
superconductors have rather large penetration depths - of the
order of 0.4 micron in liquid nitrogen for YBCO. The
magnetisation of particles as a function of the ratio of their radius
to the London penetration depth has been calculated by Clem (2).
Measurements carried out in this laboratory (3) support his
calculations. The magnetisation of a 5 micron diameter particle of
YBCO in liquid nitrogen is only about 30% of that of a large
particle. This suggests that particles less than approximately five
microns in diameter may levitate poorly. It has been observed by
Solin (4) that very small particles of YBCO tend to be non
levitating.

Magnet Geometrv for separation of small quantities of
superconductor

The magnet geometry of particular interest is a hollow
cylindrical permanent magnet. This can be modeled as two
counterwound coils, the inner coil representing the material
missing from the centre.

Using the Biot-Savart Law the field at a point P on the axis, a
distance z from the centre has a value given by the magnetisation
of the material, and a geometric factor, which is given by




Field at P o cos 81 - cos 62 + cos 63 - cos 6 4
using the notation given in figure 2.

This magnet has an interesting field pattern. The field along the
axis is illustrated in figure 4(a). The field calculated from the
model corresponded very closely to the field measured in the
laboratory. The field gradient is illustrated in figure 4(b), and the
product M dH/dz is illustrated in figure 5. The values of M have
been taken from the curve of M versus H measured
experimentally for YBCO (figure 1). The points of stable levitation
are marked on the diagram, where the force is equal to the
gravitational force per unit volume on the particles. It is
interesting to note that there is a second position of stable
levitation beneath the magnet, for particles which have been
pushed through the hole. We have succeeded in showing this
phenomenon in the laboratory, and the distances between the
particles and the magnet correspond closely to those calculated.

There are a number of important features to note in figure 3.
First there is a minimum magnetisation required to ensure that
the maximum force, marked point A on the diagram is sufficient
to achieve levitation.  Secondly levitation actually appears in this
geometry while the particle is in the diamagnetic slope of its
hysteresis curve. This is due to the fact that the field in this
magnet passes through a minimum close to the magnet surface.
The point A is reached when the particle reaches the maximum in
its magnetisation curve. Thirdly the force rises very steeply, so
the levitation is stable, and minor disturbances of the particles
will not cause them to fall through. Unfortunately the force on the
particles changes by a factor of about 3 within the space of
approximately one millimetre. This means that separating
particles of differing magnetisation will not be possible in this
geometry.

An additional feature peculiar to this magnet geometry is that
there is a centring force on the particles, which keeps them neatly
placed over the hole. The field profile off the axis of this magnet
is shown in figure 4(c).

This magnet geometry is ideal for the separation of a small
quantity of superconductor from a large quantity of normal
material. The design is shown in figure 6. The chief points in
the design are as follows.

1i




1) The particles are placed in a sieve at the top (approximately
30 micron aperture). This is vibrated so as to allow a fine rain of
powder into the liquid nitrogen. This minimises particle clumping,
which would result in poor separation of material.

2)  The particles fall through a reasonable depth of liquid
nitrogen before they reach a significant magnetic field. This is to
ensure that they become magnetised. In practice it was found
that 10mm was sufficient. Without taking this precaution the
superconducting particles tend to fall straight through the hole.

3) A side arm is provided for removal of the superconducting
material by suction. Particles removed from the central zone
must be carried over the top surface of the magnet without being
allowed to settle, since there is insufficient upward force on the
particles in this region to keep them levitating. Once near the
outer edge the magnetic field repels the particles away from the
magnet. It was found that periodic suction achieved a very
efficient removal of particles.  Since the particles are carried in
the refrigerant they do not come to rest in the tube. They fall into
a container beneath the outer edge of the magnet.

Efficiency of separation.

This process achieves a very efficient separation, but because
sieving must be halted frequently to clear the central area it is not
suitable for large quantities of material. The aspect ratio and hole
diameter of the magnet was studied in some detail. It was shown
that the position of the maximum dH/dz was very insensitive to
the magnet shape. The smaller the hole, the larger the maximum
value of dH/dz was achieved. Therefore a reasonable choice of
magnet for a separator would be approximately 30mm diameter,
10mm thick, with a hole 6 to 8mm diameter.

All material which levitates is superconducting, although
obviously some non superconducting material may adhere to it.
Using a sieve at the top prevents loose material adhering to the
superconducting particles, but if the manufacturing process gives
a multiphase material, it is clearly possible for second phases to
remain adhering to the superconducting particles after grinding.
A small amount of superconducting material will be lost, due to
poor magnetisation. This loss can be minimised by careful control
of the grinding process. Some particles will be lost if the material
is allowed to collect in any quantity in the levitating zone, as
descending non superconducting particles will knock the material
through the magnet. This can be avoided by frequent clearing of
this zone.

e T e
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Magnet ceometry for the separation of large quantities of
superconducting material.

Experimentation led to the adoption of an alternative magnet
geometry.  The magnet has a conical pole piece and this has the
field distribution shown in figure 7. The centring force is virtually
absent, and particles falling toward this magnet tend to fall
outwards. They do not fall onto the magnet surface, but instead
remain levitated above the magnet surface. Preliminary
experiments with this magnet resting on a white card showed that
all the superconducting material fell outside a well defined ring,
missing the outside edge of the magnet typically by two or three
millimetres. No superconducting material was observed to fall in
the inner region. The original design had a pole piece without a
hole. This left a problem in removing the non superconducting
material, which tended to collect on the pole pieces. When lumps
of this broke away, they were sometimes able to find their way
into the container reserved for superconductor. Experimentation
showed that in this geometry it was also possible to use a magnet
with a central hole, and in this instance the non superconducting
material falls through the central hole. Containers can be placed
strategically to collect the fractions.  The finished design is
illustrated in figure 8.

Efficiency of separation
This method is fast and continuous, which are the important

prerequisites for an industrial process.

Conclusions

It is possible to construct a very simple magnetic separation
system to achieve a high degree of separation of superconducting
material from non superconducting material.
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Figure captions

1. A typical magnetisation curve for a large grained sample of
YBCO measured at 77K.

2 (a) The magnetic field along the axis of a cylindrical magnet
close to its pole.

(b) the field gradient, dH/dz of the magnet

(c) the field pattern in the pole region.

3. Modelling a hollow cylindrical magnet as two counterwound
solenoids.

4.(a) the magnetic field along the axis of the hollow cylindrical
magnet.

(b) the field gradient dH/dz of this magnet

(c) the field pattern in the pole region.

5. Force on a superconducting particle as it falls towards, and
through, the hollow cylindrical magnet.

6. Design of a separator for removal of a small quantity of
superconductor from a large volume of normal material.

7. The magnetic field profile close to the pole of the hollow conical

magnet.

8. Design of a separator to separate large quantities of
superconductor continuously.
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Figure 1: atypical magnetisation curve for a large
grained sample of YBCO measured at 7 7K.
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Appendix III

Levitation and Damping
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1. Levitation

Magnetic bearings have been developed using superconducting cous to provide an opposing par of
magnetic poles that will raise rotating apparatus with little energy loss. A possible area of application ot

such bearings is in gyroscopes where very low rotational losses are required to provide a useful tustrument

A simple form of rotating levitation consists of spinning a symunetrical masnet about 1ts axis above o
superconductor sheet. A concave sheet is required 1o form a slight energy well that will stop the levitation
moving around the levitating sheet and slightly later falling over the edge The magnet. generally a shont
cviinder. has a magnetic feld that is invariant under rotation about s axis Sinee the magnetie flux between
‘he magnet and the superconductor is not quantised. there will be no fhux medion s the supercondactoe
ioss and hence no torque applied o1t In such a situation a gyroscope will run for g periods subject only
©otux eresp Prelimiary experiments showed that apparently syinmercicnd piaeners sutfer unusaadly aree
wases when rotated and levitated [1].

Magnitude of loss

[t -he levitated rotation sustains loss. the local tield seen by superconducting poorticles must vary The eneray
Lws s the area enclosed by the eyveling change in the magnetic state of the matertal Thas area can castly
he mensured on a magnetisation curve as the physieal situations are wdennival The equations that relate
«measiured magnetisation curve to the critical current together with a discussion of one of the technrgues
o measuring the magnetisation using an AC magnetometer are described clsowhere [2] providing resiits

santiar to those in diagram 1E that were kindly provided by 3 Bluat

My

Area is dissipated energy

Diagram 1.2: Hysteretic loss on a magnetisation diagram
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Diagram 1.1: Sample results for ¥ Ba,(Cu3O;_;. giving penetration depth. J . ~ 1/, ~A

When the eHective magnetisation of the matertal is not following the limiting envelope of the mag-
aetisiation curve, 1t tends to move with a gradient uy. leading to swept regions that are approxiniitels
parallelograms. If the external field varies between two himits Hy and Ha. then the area enclosed for a sl
sartation aff = f{y — Hys B = 6M x (8B —2M)/nuy and 15 conventently hinear in /4 when A s virtually
netependent of /({0 This s demonstrated n diagram 1.2

For small field vanations the changing field is screened by surface currents on the particles An analysis
s state was made by London. who showed that the dissipated energy 15 approximately proportional 1o
“tio- cube of the field vanation,

[liese two ranges can be combined into a single smooth curve as shown o fiagrun 13

i 4 34 PEEE N
(\v[’:: { Z—T—i‘m/\“ lft\/)’ <L —,}r \/
SM(oB - M)/ g Otherwise

Fhe energy dissipated under levitation 1s constant for all pomts on the same creele ahont the s of

rotanion To ealealate this dissipation for any such eirele we mnst constder the siecressive pewma ang

st of the magnetie feld along that cieele

AIU 4{"'“ [vr ol uvi<111]
— =0 and —— ¢
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Diagram 1.3: Suggested energy dissipation with respect ro ticld variation amplitude

nence
dB [) 0 for .‘\"_)l < L < ~\"_'1<-3
dr L < 0 Noply < r < X,
W must consider the epergy dissipated for successive increasing and decrensing sections separately [

e tul approximation, we can use half of the dissipation calenlated fur aoyele terwesn the two limits

CEee =Y SEUBIN ) = BIN 2

[has dhissipation will oeene everywhere around the current aircle. so we must miearate this through the entiee

Y] ~
M = / / Ri ol YN B SN I 4 Y
g ]

For o thin sheet, the parapmeters can be taken as independent of the sheet thickness and the ntearal over 2

i e peplaced

supereonductor sheet,

P

S = / RESEN NN Nt
"

Deceleration

[t present disenssion a0 evhoder rotating about its was s consudeeed. this wall have amement of mertia

| 5 T
.. = '—)‘\Il\’“ = —pz 1




s cotational energy. £, reduces with time, decreasing by & £,y with each full rotanion ¢4 = 27 thus
g) [<SREA total

dE 1

_ = — A R

77 = 2q Ee
1 .,

E: E‘v 1_;;

Manipulation yields
éElL‘(d[

In(w) = Constant = ———
) ” 27l

[his result can be used to estimate the dissipation from measurements of the deceleration rates.

Loss of detail with distance

 onstder aomagnetie feld o free space

Boexp ™ ¥ (cos o L), 0. 351w}

Bir oy oz
dIvB = Baexp T (—LSIN (W) — wSiiel )
=J
curt B = Boexp ™™ (0 = 0. wcos («w2) — we0s (w2} 3 — U

0

A <umilar result applies for periodic effects in the y direction  Considering the : =1 plane s the <urlace
1 the magnet many surface profiles can be constructed using non perodic tourier algebra The magnene
Seid o {ree space 1s luear and additive, so the results can be supenimposed to find the expected field profiles
t 4 distance trom the surface. At a distance z from a periodic Held component. the focal inagmtude of tho

“ponent 1s reduced by a factor of exp(=—:w).

Near rhe edee of a crcular magnetic field. there 1s no tirst order and httle second order vanateon
“wneential to the sdge This region can be modelled using a cut through the diameter. simplitying tie
veebra by using a tunction that s periodic every 1/, where errars due to the virtual magnsts one dtaneter
wway are significant, loss of resolution of the real magnet s sutficiently severe that the cise need no b

Leoconsidered

For a magnetic field circle of radius R. consider a periodic field tunction

G- [10.0,B) (4n = 1R < <pbn = 1LR
_‘L 0 in+ LR < o< iin=3iRk

Constonet the usual sum of cosines together with a constant offset for this step S the

el is aconstant magnetic teld, there 1s no component of tield i the & dicertoon

i3 ‘l-rl—l/:
[ -1-8 v\ { }

cos(tez) it g 1

[V reduction tactors for the fourier components can easily be mserted Thas Hartens <

v can be seen o diagram 14 This result may convenmently beeoused i charestensime the deighn o1

densnrement pont from the magnetic airele by sonsidering the maximurn gradent 1 the tedd

When r = 2 Utferentiating B owret & for o given herght = vields

A1, IERs
—= =N ———= Xl D)

dr —_— 2 )
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Diagram: .4: Loss of definition when at a distance from a step in magnetic field

Small perturbations

Any focal vanation in the surface field of the magnet nust be sufficiently large moarea that 1t s visible trom
wdistanrce. as the superconductor s likely to be at least | mm away. If a vanation s to be effective then
it rust be visible onoaseale of mullimetres. The resolution of the field nmace must be fner than this by at
wet oy factor of 5an order 1y be able to map the shape

[f v very small vanation aecirs in the magnetic tield covermyg farge areas the featuee will not disappear
vith Chistanee and, over o larze area. can cause targe losses. [ order tu measure a gradnal vanation. a
fepetable method s cequired o that tHe resulting <ignal has o lower nonse level nafter averaging ) than the

anpihde ot such vanations

Inlomageneties mothe material nsed to form <ueh 4 masnet and creors s nagnetsation can cagse

Shetgnene centre e the contee of 2ravity to be separate

e, = /’r;ul’\A
v

Coa= / rB JdS

./:..A e R

Vo sonatonad speeds s the et i ratate ahont 1ts e te centoe Db re wl] e Lo foxs acerued
Lot snpereondietor s the eld s stanonars and the movmg contoe f g s mierely requires the Joeal
st oree tovary The et wall adt very shightly down i e direction 1 the contee of mass from

S nnernetes centre A wery analdl febd erease with nevhobae e motion o preovide extra bt checanse



the local field s inereasing) and the tiny field reduction on the other side can produce oo relatively Targe
reduction i Lift

B'(r) = B(r)+ rB(0) x Const
rdym

oB(r) = B'(r) — Blr) = B(U) i

Wlule at low speeds the losses are negligible, at higher rotation speeds the centripetal foree on the otf
axis centre of gravity can no longer be countered by the superconductor and the magnet starts to rotat
thout its erentre of gravity. The magnetic field moves in cireles; at cach pomt the magnete field changes
tpparent radius by twice the distance between the two centres. Thus

JI“T"I

aBiry = Bir)2d,;;m ——
dr
I'iis o clearly much larger than the low speed loss,

If the edge of the magnet is chipped the field that would have appear-d prerpendicudar co the Tuee e
snawnet will appear perpendicular to the surface of the chip. As can be seen i diagram 50 cach clop win
diedify the local edee Beld. providing a surface field

d3(ry = BIOML —=sindy for R—u oo I8

[hs tield step will be rounded by distance.,

w
-

LTI

-

Diagram: .5: Small field change due to a chipped magnet edge

Velocity measurement

licrder to characterise the losses and vibration modes of A magnet underzome evitation . astopwately suited
Dootimng repeating events was needed A simple stopwateh conid not measure the change of fregqueney witd

e andd so was not simtable to measuning Jeceleration

Fhere was no timer capable of the task convenently aviulable so an wldienal sutrontine t read ana
eoche computer program EXANMINE cdesenibed anothe next chapters was created This simple ronnne
cesnres elapsed tine hetween successive unpulses and records the sequenes S0 vadues imto 0 dara bloek

]
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Inaccuracies 1n the measurement of absolute time for the tnstants (that are only accurate to 30 ms) can be
reduced to insignificance by averaging or fitting the results to a curve.

An errorin determining the position in time of an impulse affects the measured values of the neighbouring
intervals in opposite directions. Averaging and curve fitting both reject such components very well

Such preprocessing can be performed using the standard facilities of EXAMINE. The individual tinme
mntervals can be inverted into angular velocities and analysed to find required vajues.

[t had been intended to use an optosensor that could be read directly by the computer to provide the
stznals. Difficulties were experienced due to frost deposition on the windows. due to the fow temperature
atferting the sensor and due to the difficulties in targeting the sensor unit on the correct magnet region The
niost reliable method of acquiring impulses was using the human eye and braun for preprocessing and the
keshoard for data entry. The repetetive nature of the signals made this »asy and reliable.

Estimating feature sizes

It s well known that, for a given magnet and superconductor. there s a range of stable levitation heughts
wattiible. These can be exploted when attempting to gamn information about the magnetic tield of the
seagnet. We hiave seen that. in order to be etffective. features have 1o be at least as large as the levitation
serzhins o fact. they must be comparable 1n size to rhe levitation hewght as the limited surtace area of the
snagnet places an upper linut on the size of features that can oceur.

We have aleeady found how to determuine the energy loss per rotation trom a sequence of angular
veloeity measurements. If the resulting loss value is plotted against levitation heght, classes of features may
Lo recogmsed by therr characteristic dimension.

A feature. on the verge of offectiveness, imight have a dimension [ charactenistic of its size. The magnitude
~ 8ot the fratuce will be reduced according to the levitauion height @ and for ¢ B8 < 2 the energy ioss varies

s 3% Then
M3, = MBLexp =2/,

ol = const x 0B

erp(=3z/4)

M= Z N, exp —[—L

~

T

Z L, (In o)

A plot ol M e agunst oz as o dilagram 18 may allow estimates of foature sizes 1o be made. The results

St estumation for the magnet are siven o the results chapter

Magnetie centre displacement

Vi adiernative to the rotation of the magnet about a vertical axis 15 1o rotate 1t about a horizontal axis
tesmanner ofa wheel The deseription of the otfects of a displaced magnetic contre as above stldl apply with
e v dition at vers baw speeds of a new effecr

At dow <peeds the transverse foree across the magnet due to gravity acting at the centre of mass can

sipply sutticent torgae tostop rotation from occurring. The magnet then performs Sunple Harmonie Motion
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abont the position with the centre of gravity lowest. A measurement of the oscillation frequency « of this

motion for small amplitudes can provide an estimate of dym

Torque =T = dym Mg sin/
MR?/2
Off axis cof g. — 81, = .\Id§m
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Inertia = I..

hence 4 = —u2d
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Magnetic Field Inhomogeneity.

To check the correlation between damping and superconductor loss it was necessary
to know the field fluctuations induced by the magnet. The magnetic field was
measured on a fine scale by rotating the magnet in a lathe close to a very small search
coil (200 turns with an effective radius of 0.14 mm). The waveform was picked on a
signal capture system and averaged to reduce noise. The main errors with this system
arise from vibration in the lathe head which give synchronous voltages even with a
perfectly homogeneous magnet. It was possible to eliminate most of these by tracking
the coil across the magnet in different planes and looking for features associated with
the magnet position rather than the lathe head position. It was also necessary to keep
the coil very close to the magnet and then predict the field fluctuations at the larger
distance of the levitated magnet. A contour map of the field fluctuations across the
magnet surface follows (Fig.1). The surface field was 33 mT and typical field
fluctuations about 3 mT. The largest component was caused by a small chip in the edge
of the magnet.

Comparison with Damping

The loss per cycle for large speeds was increased because inertial forces caused the
magnet to wobble. At low speeds the hysteresis loss was 3.5 nJ per revolution. The
loss predicted from the field fluctuations was about five times larger than this which is
accepuble agreement given the difficulty in measuring small field fluctuations on a fine
scale. it appears that the superconductor hysteresis loss is sufficient to explain the
damping observed. The very high value compared with Niobium is due partly to the
low value of Hcl in these materials and partly to their granular nature which means that
there are losses on the surface of every grain.  If high critical current densities could
be carried across the grains the performance would be greatly improved.
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Flux trapping and magnetization of hollow
superconducting cylinders*

F.J. Eberhardt, A.D. Hibbs and A.M. Campbell

Interdisciplinary Research Centre in Superconductivity, West Cambridge Site. Madingley

Road. Cambridge, UK

The magnetization of hollow cyhnders of high 7, material and the field trapped inside them
has been measured by integrating the signal from coils outside and inside the cylinders. The
twvo coils allow the field trapped n the grains themselves to be separated from the field due
'0 the circulating currents. The trapped field tells us the maximum field that can be expected
‘na magnet If J drops rapidly with field the parameter which will determine the trapped
tieid s not the zero freld critical current density but the field at which it 1s reduc. ! by half
A comparnson 1s made of various preparatton methods.

Keywords: high T. superconductivity; magnetization: critical currents

Powders o s ttnum harium copper oxide which have been
compressed and sintered mto g solid block show two
wooerconducting pathwavs. One 1s confined to the
andrcduat zramns che intragrain currenty and has a critical
currentdensity, L olapproxamately 10 Acm Zat4 K
Vhe wrher can oross gran boundaries (the ntergram
currenty nut has o much lower /o in the matenals
nnicated so tar This s dlustrated in Fieure [0 For
~racicual purposes it s necessary to bring the mtergran
creat density up o the values achieved within grains,
wen che matertal s exposed to @ magnebe field the
Currents oan the srains cause a4 mugnetization of the
cwaternad and the antergrain currents form a screcning
crent Thas s nilustrated in Fleare 2.

Frogura 1 Sdteengto e srrant paths 0 /0um DANGIT CODEPE OxIide
e renty anttun grans canall cgreenty hetween them

Ve preseented 3t Coteal Coaerents sn High 70 50 pereonductorns
sreinagham 5K TH Moy 1988

A hollow eyvlinder fabncated out of this material '~ an
interesting geometry for a4 number of reasons:

It s possible to separate out the etfects of the two
currents, since the fields due to the flux in the core and
the flux in the matenal are in the opposite sensce i the
core but in the same sense outside the cvlinder. as
shown in Figure 2:

this geometry may be used for screenmyg purposes: and

1L 1s casy to make and it mav be the most effective

gecometry for making permanent magnets Since it s 4

more ethicient use of matenal.

(PPN ]

Maximum screened field

The critical current densities of these materials fall very
rapidly in the presence of a small magnctic ticld® The
fall 15 approximately exponential: ilustrated scheman-
cally in Figure 3011 a field of strength B s required in
the core of a solenod of this material the wire would be
restricted to operate at the ernitical current density /-
Since the current density ina solenoid is unmiform the fizid
will fall off hnearly in the wall o the solenord.

In contrast a magnet made trom g ~olid block ot thi
matertal would have a held profile which was not hinear
The entical current density in the material would tart
at J,an the centre and rise as the ambient hefd tell,
reaching the serodield vaiuc of J at the outer edge Henee.
the thickness of matenal required would be tess Tt s
worth pomting out that o the fall of Jowith applied ticld
ts approxmatety exponential an important parameter tor
these materrads will be the value of held at which the
critical current density has tadlen to half the sero hield
valne, as from this paint the size of chimder reqaired to
contain 2 larger tield will nise caponentially also
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Figure 2 Schematc diagrams showing (a) circulating bulk
currents trapping flux in the core, 1b) currents in grains magnetizing
the maternai

This follows from the critical state equation. [f this field
s denoted B, the critical state equation 13

B

d

= o expt BB

where J, s the sero field entical current density, This
has a solution

- BlexpeB By 1]

[t can be seen that when B+ B the wall thick ness rises
sxyponentiathy

If the matenial was fabricated mto ware the thickness
stsolenond required to hold back the same hicld would be

i ol

Boexpos, 3)

Flux trapping and magnetization of hollow cylinder. F.J. Eberhard. et al.

Cc

Figure 3 (a) Fall :n cntical current density .. with freld. (b:
Profile of 8 in sohd cyiinder wall when a field 8, 's trapped n the
centre (c) Profile of J. in solid cylinder wall when a fieig 8 s
trapoed (n the centre

The thickness of wail predicted from this equation s
alwavs larger than for the case where a solid block of
material is used, since in the latter case the full potental
of the matenal to carry currents between Joand /o
being used.

In this work cvhinders of sintered YBCO have been
fabricated. Magnetic ficlds have been applied to these.
and the fields inside and outside have bheen measured
using cotls.

Experimental procedure

Y ttrium barnum copper oxide was made by miang sttrium
oxide, copper T oxde and cither banium carbonate or

B




Flux trapping and magnetization of hollow cylinder F.J Eberhardt et al

harium mitrate i the correct storchiometnie proportions
and finng at 930 C tor severad hours, The powders were
ground and pressed into moulds to gnve evhinders of the
approvmate dimensions S mm ud., 14 mmo.d.and 1013
mm long Some powders were pressed dry and some were
wet with acetone to factlitate bandling. All evhinders were
anncaled tin flowing oxveen. Two further cvlinders were
fabricated from hismuth calcium strontium copper oxide
to the stowchiometry (1101220

The eovhinders were cooled in liquid mitrogen and
exposed to a magnete tield for about half 4 mipute. Two
conls were wound, cach with 300 turns. one to fit into the
core of the evhinder and the other to go outside it (see
Figure 4). The superconducting cyvlinder was lowered into
the larger coil or passed over the smaller. inducing
voitages which were integrated. The coils themselves were
rather sensittve to movements in the carth’s field and so
were hept stationary.

The magnetization of the bulk material can be modetiled
by considening 1t to be equivalent to two opposing current
sheets on the inner and outer surfaces of the cyvlinder. (It
is assumed that the magnetization of cach gramn is the
same). The signal in a search coll is then given by

Vde =ML, - L)

wwhere M 1s the magnetization of the sample. and L, and
L, are the mutual inductances between the scarch coil
and close wound one turn per metre coils on the inner
and outer surface of the cylinder, respectively. By a one
turn per metre coil we mean the inductance of a closely
wound coil of n turns per metre divided by n.

Intergrain currents lowing in a shell of thickness w give
a signal

l Vde = ./;'»\'Lm

©

\
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Ftgure 4 Schematc diageam showing the gregngement ot the
Tedgaunng Cols

where J_ s the critical current denstty of the intergram
current and L, 15 the mutual inductance between the
scarch coil and 4 one turn per metre close wound coil
filling the layer of thickness w

In the extreme case of an nfinite ¢vhinder the inner
coil responds only to J, and the outer coil to the sum of
the currents. In finite sized coils the coupling 15 stll
ditferent but to extract the values of J_and VM separately
It s necessary to caleulate the mutual inductances

Mutual inductances were caleulated using the formulae
and tables in Reference 3. These formulae are for single
laver coils. A computer progrum was written which
treated cach coil as a succession of concentric shees. Fach
slice was treated as a single luver cotl of the uppropnate
mean radius and winding density, and the contributions
from cach layer in one coil to cach laver in the other
summed. The caleulations were checked by measuring
the signal v a third col. and the agreement between

0

calculated and measured signals was within 7%,

Results

In almost all samples the ticld 1n the centre coil was in
the same sense as the appiied tield. indicating the presence
of trapped flux. When a cviinder was shit axially. the bulk
current pathway was interrupted and the signal changed
sign.

It was originally assumed that since the cnitical current
density falls so rapidly with applied field. almost all of 1t
could be considered to be flowing 1n a icgion approxi-
mately | Sth of the cylinder wall thickness around the
outside edge of the superconducting cvlinder. This
assumption was checked using cvlinders i which the
signal had been measured both on a complete cylinder
and one which had been sht axially This revealed that
the two coils gave comparable values for J if the currents
were considered to flow in the region close to the centre
surface of the cyiinder wall. We believe that this 1s due
to the fact that in these samples the magnetization and
trapped flux produce fields of similar magnitude 1n the
centre, causing the net field expenienced by the matenal
to be lower on the inner surface than the outer surface.

The results are shown in Tuble /. Samples 1-3 were
all made using barnium carbonate as precursor. [t can be
seen that there is very httle difference between those
fabricated with the aid of acetone and those which were
not. The handling of wet powder was much casier than
dry powder. Critical current densities are low However,
these are not zero field critical current densities. There
15 a hield of up to 3 mT trapped in the core, as the cvlinder
walls are quite thick. The best sample used barum nitrate
as one of the precursor matenuls (sample 4 This had 4
critical current density five times better. Two cyhinders
were dafso made from the hPismuth calcium strontium
copper oxide material ¢ 11 1) One was ground to 2
powder and its diamagnete susceptibihty measured. This
showed that the matenal contained both the high 7,
phase 1 110 K) and the fower 77 phase ( =85 K. and
the overall suscepubility was comparable to the materal
used 1in samples 13 The second evhinder was tested for
trapped Hux No signal was detectable from the centre
corl and the outer coil gave 2 overy small signal. This
enables us to put an upper mit on 3 of 01 mT but we
cannot say whether there are significant mtergram




Flux trapping and magnetization of hollow cylinder FJ Eberhardt et al
Table 1 Results ot crtical current density and magnetization meassfements on samples 16
Sample number Method of manutacture JiAcm Magnetizaton «mTh
i1 Powder pressed dry 77 072
02 Powder pressed wet 66 018
13 Powder pressed wet 72 063
4 Powder pressed dry 370 17
{nutrate precursor)
5 Bismuth compound ? 01
[ .
currents present. These results are coasistent with Acknowledgement

magnetization results®

Conclusions

The measuring technique developed can give values of
mntergram currents and magnetization without requiring
contaet to be made to the specimen. Like all measurements
without a bias tield there are considerable uncertainties,
45 the magnetization s not itself constant in the presence
of small fields. The geometry described is suitable for the
manufacture of permunent magnets once critical current
densities are ratsed to a more aceeptable level. Although
the bismuth compound 1s casier and cheaper to make
than the s ttrium compound. preliminary results suggest
that it has exceedingly small cnitical current densities.

The authors would hke to thank the US army for therr
support of this project.
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Abstract. An analysis 1s made of the screening of low-frequency magnetic fields by
high-T_ superconductors. Screening can occur either through the cumulative effect
of a composite of isolated diamagnetic particles, or by the induction of bulk
transport currents it the particles are connected. In the former case it is possidle to
define a screening parameter s =t ua where t s the screen thickness, u the
permeability and a the size of the system. There is only significant screening if the
parameter s large. Even when screening is significant demagnetising effects put a
rather fow limit on the maximum field that can be screened so the concluston is that
screens made up of insulated superconducting particles are likely to be of very

limited application.

1. Introduction

The diamagnetism of high-T. superconductors is divisi-
ple 1nto two components. One 1s due to currents passing
between grains, the other to currents within grains.
since 1t 1s proving very difficult to carry high currents
hetween grains it s of interest to determine how useful
an array of independent diamagnetic grains might be
for the purposes of screening and levitation. Screening
Jdue to transport currents must be treated separately.

2. Fields in composite superconductors

It 15 first necessary to establish the extent to which the
classical theory of permeable materials can be used. A
reversible type 11 superconductor of any shape can be
treated as an ordinary magnetic matenal provided we
detine H for any value of B as the external field in equi-
Iibrium with that B in a long cylinder parallel to the
ticld [1. 27. The magnetisation, M. is then defined in the
zeneral case as B g, — H. If we make a composite con-
sisting of 1solated partictes of this matenal we can sull
use the same expressions and defimitions. We detine B as
the average tlux density over a region large compared
with the particle spacing and obtain the B-H curve by
measunng the Hux density ina sample of zero demagne-
tising factor

If. #s s normally the case. the magnetisation s
dommnated by hysterctic effects the theoretical argu-
ments based on  thermodynamic equilibrium  break
down. but the magnetic behaviour does not depend on
the assumptions of equiibrium provided the field s
changed monotonmically. The behaviour of a material
consisting of nsulated particles depends only on local
values of B and the H(B) curve. as measured on a long
thin sampie, of we now detine H as the external tield in
this experniment. We can then imagine a reversible
matertal with any H(B) curve we like and choose one

tdentical o the ncreasing  (or. if  appropriate
decreasing) curve of the arreversibie superconductor
The irreversible matenial will behave 1in the same way as
the imaginary reversible matenal provided there are no
regions 1n which the local currents reverse. and provid-
ed we do not try to use expressions involving the
entropy of the svstem.

To make the problem tractable we can spht the
magnetisation curve into three regimes. At low tields the
material is linear and reversible with a smail per-
meability. This holds up to a value of H where the mag-
netisation goes through a maximum. We shall call this
H_, At higher tields the matenal can he regarded as a
permanent magnet with 4 magnetusation determined by
the applied field. This magnetsation 1s small compared
with H and will be positive or negative according to
whether the external teld has been ncreased or
decreased. Tt does not change rapidly wath fieid

3. The permeability of composites

The permeability of 4 composite 15 not easily caiculated
in the most general case For a dilute array we can add
up the moments of individual particles in the appired
tield and extend the range of vahdity by using the
Lorentz theory of dielectric constants. The result tor a
volume fraction + of sphencal
it~ 2

A concentrated array s more hikely to he of prach-
cal interest and we can calculate the permeabiinty ol o
thin wir

particles v o=

set of superconducting cubes with g space
between them. provided we apply the tield perpendicu-
lar to the cube faces It the cap between cach cube tace
15 2dand the cubes have aide a0 the permeability s ust
the area fraction of free space on a4 (ross section, e
given by | !

wo= Sda o’ The volume frachion is

fda gt w0 a0 - st More compley geometries are

best worked cut by g the analogue of an array of
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clectrical conductors in place of the interstices between
the grams, but the effect will only be to change the 3
into another similar factor. It should be remembered
when working out the effective volume fraction at high
denstties that even if the grains are touching there is an
etfective air space equal to twice the penetration depth
between the grains.

4. Screening
We assume the material is linear with a permeabulity s

4.1. Case (i). A spherical shell of superconductor in a
uniform external field H,

This can be solved exactly by using a magnetostatic
potential containing dipole and uniform ftield terms and
matching boundary conditions at the tnner and outer
radn. If the external radius 1s a. and the internal radius
15 h. then the interior has a uniform field H, given by
H, 27 h 5
: (\l“u—s/)(#—l)v
It we put ¢ =a — b, and assume both small 4 and
small ¢ g this expression reduces to

HyH =1+ 2t 3ua

In order to get significant screening we must have
<t a To take a specific example if the thickness 1s
{07, of the external diameter and g = 0.0 the field s
reduced bv a factor of §. It can be seen that the matenal
must be verv close to complete densification if reason-
able screening factors are to be obtained. Since there 1s
inevitable penetration of each particle by 4, as well as
the distance occupted by currents in the grains, it ts also
important not to use very small sized particles.

We shall detine the screening factor s by s =t pa, 1e.
the relative thickness of the screen divided by the mean
permeability. A similar parameter can be defined for
most geometries. In this case if s 1s large the field 15
reduced bv a factor 25,3

The maximum field that can be screened 1s consider-
ably smaller than the peak of the magnetisation curve.
If r g and u are both small the maximum value of the
etfective H 1n the material is Hofp + 2t'3a) ™', For small
v the internal field 1s increased by a factor 1.y and for
farge sty increased by a factor | Sast. For the example
eiven above 1t 1s 15H,, Hence the maximum tield that
can be sereened 1s about H_ 15 or typicailv 1 mT This
can be understood from the fact that the cnergy avail-
able to exclude the field depends on the volume of
supercondrctor, so thin shells cannot exclude such large
tields as solid spheres. Results for cylinders are qualitat-
ety similar to those for spheres,

4.2. Case (ii). Magnet inside a diamagnetic shell

This can also be solved 1in g similar way. and the results
are amilar to those of §41 The ratto of the dipole
moment without screening to that measured outsrde the

sereen is
hl ]

0 h
=5
Yu ( (13,)

l + — iy

This is the same as the screeming factor for the uniform
external tield. The factor by which /15 in¢reased in the
maternial is also the same asin § 4.1

4.3. Case (ii1). inhinite shees

If the magnet 1s placed close to an infimte flat sheet we
can find the field on the other side of the sheet. There
are a number of different configurations, but the basic
problem is the same as that of a point charge above a
dielectric sheet. To obtain the results for the magnetic
case it is only necessary to replace £ by H and « by
The solution can be found 1in Smythe [3] If we put g
charge g at the origin. and a sheet ol thickness 1 uand
dielectric constant ¢ perpendicular to the = aws, the neid
on the other side of the sheet s

qul = p*) kJ tkpre &

3
R A

dk

where f§ =1(v — Do = 1 and p o1s the radial distance
from the - axis. This can be wntten as the sum of the
fields due to a set of image charges by expanding the
bottom line with the binomual theorem. The potential s
1 is

AT

dre, P~ pt) fiz =207 - 7]

[~

i!
i

B |
[z ~40° 7'

Notice that this does not depend on the position of
the screening sheet. Only the distance to the charge, -0 s
relevant. This expression can be apphed directly 1o 2
magnet with widely separated poles. each of whch
behaves like a point churge, but similar results wiil be
obtained for other shapes. The image svstem, which s
always vahd. consists of a charge reduced by (! — fi“11n
the original position. with charges -1 — %) at = = 21,
B*1 — B%)at - + 4t etc. This applies to all magnets and
coils. The maumum screcning s with the magnet
touching the screen and the test pomnt immediately on
the other side of the screen. Then - = rand ,» = 0 and of
/=~ 1 the series can be summed. We find that the held
on the axis 1s reduced by a factor of 493 If - 1 the
exponential on the bottom hne can be approximatzd o

{1 — 2kryand the mtegral becomes
J { Tre tda
R E L
where v = = D)7t ez The screenimyg factor for this
geometry. using superconductors, 1s s = (- 1171wz

It can be scen that for small 4 the value of the inte-
gral depends on ¢ pz This as a sumilar factor to the one
appearing in the screeming by complete shedls. with the
distance to the magnet replacing the shell radus. For
small values of « the field s reduced by a factor o1
Numerical integration shows that in general the tield o
reduced by about A when  ~ T oand the mimmum s

B
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cthe value derved above, 4940 when both magnet and
test point are touching the screen.

The demagaetsation etfects in the spherical solution
also appear in this geometry. For this purpose the
appropriate z is the distance from the magnet to the
screen. For 2« the field in the superconductor is
increased by a factor 2 (1 + u). For small ¢ the factor is
I'u for small s and 2zt for large s. A reasonable
approximation s a factor | (g + r-2z). Thus thin sheets
can be driven bevond H,, even if the field was much less
than this before the screen was inserted.

5. Screening of coils

A common arrangement for detecting superconductivity
s tonsert a sheet of the material between two thin coils
and measure the mutual inductance between them. The
argument used to justify a series of 1mages is valid for
cotls as well as charges, but the values of mutual induc-
tance dare more difficult to calculate and another vart-
able. the ratio of diameter to spacing. 1s involved.

The set of primary cois seen by the secondary is
Jerived from the series n equation (1). If the sheet is of
thickness ¢ and the cols are - apart it consists of cotls of
strength oF = g3 330 = g5, pHl — B -+ situated at
oz =2tz -4t respectively, Values of mutual
inductance can be obtained from reference (4] and the
series summed numerically for any particular case. We
summarise the general conclusions here.

Firstlv, 1f the spacing of the coils is large compared
with their radius thev behave as two magnetic dipoles
and all the resu'ts of the earlier sections can be used. If
the corls are c¢lose compared with their radius, the
inductance of the image coils does not change much
unttl thev are further apart than their radius. The
number of terms for which this holds in the series of
equation (1) 1s of order r'¢ where r 1s the coil radius. If
we cut off the series at this point, the field is reduced by
| — 4" where n ~ r ¢, hut with a minimum value of 1.
This works for both small values of § and for f# = 1. In
this latter case f§ ~ 1 — 2u and the field is reduced by
wr t. This fits 1n with previous geometries if the relevant
size in the screening factor is the coil radius.

These results apply to an infinite sheet. and sheets of
a diameter comparable to the coil diameter require
more detailed analysis.

The general conclusion to be drawn s that a
materal made up of individual superconducting grains
s not a very effective screen. Firstly the permeabihity
must be very close to zero of the screen 1s to be thin
compared with the dimensions of the screened space.
Secondlv. if good screening s achieved by a thin sheet it
follows that the value of H s greatly increased n the
matertal so that the magmtude of tield that can be
sereened without dniving the material over the peak in
the magnetisation curve s very small.

Fxperiments on levitation are normally carried out
with rather thick sheets. The magnitude of the mmage
magnet becomes small if s becomes smull (the relevant

——
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distance - 1s from the magnet to the sheet), and for s = |
the image strength 1s about 1 of the levitated magnet.
Most levitation takes place at distances comparable
with the thickness of the superconducting layer. so quite
high permeabilities are tolerable. Films under 10 um are
unlikely to cause levitation without transport currents
being carried. Only very small magnets could get close
enough and then the high ficld near the pole pieces will
drive the film bevond H,

6. Screening using transport currents

If the currents can be carried over macroscopic dis-
tances these will provide much more effective screeming.
The current densities required can be calculated casily
in the siuations above. For example a current of
I'sin Am ' flowing in a spherical shell produces
unmiform field inside of 2/ 3 A m ' Hence to screen out
a field of H, we need a maximum current
1.3H, Am™' so the current density is J, = L.5H, ¢
where ¢ 1s the screen thickness. In general a field of H.,
can be screened by a screen of thickness ¢ where J, ¢ >
H,. However the very rapid vanauon of J. with H,, in
high-T. superconductors leads to an effective limit on
the field that can be screened.

While the current density is dominated by normal
barriers it will vary approximately exponentially with
tield. Suppose J, = J_, expt —H H,) where H, 15 a con-
stant dependent on the nature and thickness of the
weak links. Then if we consider the field distribution
across a slab of superconductor parallet to the field

dHdx=J.=J,exp(—-H H,)
if H=0at x =0 thesolution s
Jc()x = H\[exp‘H H-\) - l] :

This means that for fields greater than H, the thickness
of the screen rises exponentially so that the effective
limit for screening is H, . This is also the maximum held
that can be generated in 1 magnet wound with wire of
the same material. Thus for practical applications to
magnets the most important parameter s not the zero-
field critical current density. but the field at which J.
falls to about half this value.
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Abstract. Solutions of the Ginzburg-Landau equations are found for three types of
barrier which could be the cause of low current densities in high-T
superconductors. Since the depairing current of bulk material 1s so much higher
than the critical current densities observed, the effect of the barrier on the
Ginzburg-Landau parameters must be large to explain the magnitudes of the
currents. However, the variation of critical current with temperature shows a large
drop well below T_, which may expiain the region of relative reversibility often
seen below T, and with suitable parameters the critical current drops rapidly with

grain boundary cngle as observed experimentaily.

1. Introduction

The most characteristic feature of high-T, superconduc-
tors i1s the low value of their critical current densities.
The Ginzburg-Landau equations have been remarkabty
successful in predicting the properties of superconduc-
tors, and even when used in regimes beyvond their theo-
retical validity thev frequently give qualitatively correct
conclusions. In this paper we calculate critical current
densities for three tvpes of boundary in a superconduc-
tor. The first 1s a planar defect in a homogeneous
matenal in which the boundary condition on W is the
same as at a boundary with free space. The second 15 a
barrier in which the superconducting parameters vary
smoothly over several coherence lengths, and the third a
similar barrter consisting of a dislocation array making
up a low-angle grain boundary.

2. The general method

The model used 1s that of a planar barrier region across
which the Ginzburg-Landau material parameters vary
srnoothly with position. We assume the approximations
commonly adopted for weak links, that 15 to say that
the problem 1s one dimensional, and that the field is
small. so that the vector potential, A. can be neglected.
This unplies that the junction 1s small compared with
the Josephson penctration depth. The current density 15
then untform across the junction. We write the order
parameter as e

0953-2048,89,050287 + 07 $02.50 & 1989 IOP Publishing Ltd

The Ginzburg-Landau free energy 1s then given by

s § [ ‘fdw; h:‘l’/ 2

hl Y * d'\. ; zmt (-j-:

- om

(1

We assume that the parameters x. fJ and m* are
smoothly varving functions of position and use the cal-
culus of variations to minimise | f dx across the bound-
ary. The values of ¥ and # are fixed at large distances
from the boundary for a given current so that the con-
ditons for the integral to be 4 minimum are

{

—‘—’— and i
dy ¢t

i cf
dx &y cA

o j
(tu" e )’

where w' = dy dx and ¢ = d6 dx. These lead to the
Ginzburg-Landau equations appropnate for spatially
varying properties:

dx

d (P dgy W ’doy ,
— — | =lay + 1p 2)
( m* dx ) ( dx Wt =Py (

m*

and

chys do

m* dx

Substituting for #1n (2) gives the equation we require to
solve for

- = 2aw o+ 27 {4)

d ( h* g&) - m*J:

dx Ym* da ey

287




X M Campbell

We see thut the Ginzburg-Landau equations can be
used virtually in their usual form provided we take m*
to be constant.

It 15 the purpose of this paper to draw essentially
qualitative conclusions about the boundanes in high-T;
superconductors so therefore a number of simphfying
assumptions will be made to avoid having too many
unknown parameters. We shall assume that m* is con-
stant as the simplest course to take. Other assumptions
are unlikely to change the general conclusions.

To make the parameters more physically accessible
we put them in terms of physically measurable quan-
tittes. These are

Vs

= —h* 2m*x

HY =2 Pu,

ooy

. m*=4
dugetht

In what follows the subscript » refers to these param-
eters 1n bulk. undamaged. matenal well awayv from a
boundary. We put

32 e x5, -
J, = —""—‘T')

A= 2

2T m*

This 1s the bulk depaining current. 2 2H, 3 34 Also
put

v = ’J‘—”lj 1r)I :

which is the order parameter normalised to | tar from
the boundarv, with zero current flowing. Equation (4)
can then be written as

To reduce the number of possibilities we now
assume that the tvpe of damage occurring at bound~ries
affects mainly the clectron—electron interaction, produc-
ing an effect similar to raising the temperature. That s,
we assume that g s constant and x varies across the
boundary. This 1s equiralent to assuming that H_ s
changed while » remains constant. Once again 1t 1s easy
to try other vanatons but quahtative results should be
simijar

In terms of the dimensionless quantities

vo=oxl p=JJ, mx)y = Mg H_,

equation 131 becomes

4 ’;“
s T ey -y
N s

1

=1)

This 1s the differential cquation that was solved numers-
cally. A barrier svmmetric in v was assumed. For large
values of 3 at v = 1) the solution diverges, and for small
values it osaillates. so vanious values were tried untif g
solution was found that did nerther of these, up to a
distance of five or more tumes the boundary width This
determined the relative order parameter, v, at the ongin
to 1 partan 10"

For v =0 a soluton could alwavs be found. For
large 7, y7 15 always positive so the sofution diverges. By
increasing ; from zero untl no solution could be found.
a value for the critical current density could be
obtained. The procedure was not always straightfor-
ward since close to the critical current density very
small increments in v at x = 0 had to be used to avoid
missing a solutton, However. it was usually possible to
determine the critical current to better than 1.,

3. Types of barrier

3.1. Incoherent boundaries

The tirst tvpe of barrier considered does not tnvolve a
continuous vanation of the local critical tield but takes
a untform material with a modified boundary condition.
At a free surface the boundary condition normally
assumed 1s that w =0 but this boundury condition
must be changed if 215 small {1, 2] The true boundary
condition 1s A dw'dx = where A 1s a charactenstic
distance determined by the effecuve reduction., or
increase, of T at the boundary. We assume that this 1s
the boundary conditton on ¢ at the boundary but that
instead of free space or an nsulator there 1s a similar
superconductor on the other side of the boundary. In
these circumstances ¢ will be continuous across the
boundary and 4 current can flow across 1t.

The vanianon of w 1s shown in figure 1 for A = (T,
where (T} 1s the Ginzburg-Landau coherence length.
The two graphs show the order parameter for zero
current and the critcal current. Figure 2 shows the cal-
culated critical current density as a function of A Z(T).
The critical current density 15 normalised to the de-
paining current density 0.34H_ 4 which 1s about
108 Acm - at O K. The critical current density 1s
roughly proporuonal to A 2T for A < IT). The

Jeo

Ca -

Figure 1. Var:ation of order naramerer with distance from
the boundary \ = { The two curves are tor; = 0 ard tor
;=05 = 1isthe buik depairing current and 0 5 the
critical current of the barrier

L 7 - 7 - N RIS~

r----------




F-----“-----

o
i

Figure 2. Critical current density as a tunction ot .\ :

product J_ Z(TY A lies between 0.2 and 0.64 for A 210
between | and 0.04.

3.2. Variation vith temperature

The vanation of J, with temperature 15 due partly to
the varation of I with temperature and partly to the
reducuon in the order purameter. The expression for A
given in reference (1] s \ = 55T AT, ~ T Here d s
the lattice spacing, which we take to equal to Z,,. and
T 15 the criucal temperature of the surface region. This
is likely to be reduced since ditfuse scattering leads
to the removal of half the Gorkov kernel. If we suppose
T.., 15 zero so that A =2, and also dT =
L0 =iT'T)1 ' with T, =93 K we can caleulate
the variation of J, with T.

Figure 3 shows the resuit. Since 5Ty only varies by
a factor of four up to 90 K the main source of the
reduction in J_ is the reduction in the bulk depaining
current, which is reduced by {1 -7 T)°]? ° This s a
factor of 7.7 at 80 K. which is the sort of reduction often
observed between helium and nitrogen temperatures.

3.3. Damaged barriers

The second tyvpe of barrier considered is the kind of
effect produced by a proc »s such as irrudrating a short
section of a superconducting strip. This was modelled
by making x vary as |1 — «exp{l —x 1)°] The degree

ettt
Figure 3. Critical current as a tunction of tamperature for
A=

Critical currents of barriers in high-T_ superconductors

Figure 4. The variation of the orger parameter with
distance IfH_ =H_ [1 - exp( —x?}]. The order parameter
is shown for two vaitues of the current,; = 0 and; = 0.5.

of suppression of H_ at the centre of the barrier s given
by a and the width of the barrier in units of the coher-
ence length by n The boundary conditton 15 now
diy dx =0 at v =0 A typreal result 1s shown n figure
4. Here h =1 - expt — ¢"L 1o other words a damaged
regton of halt width 7 where the critical feld just
reaches cero at the centre. The values are symmetric
about the y axis and only positive x 1s shown. The
lighter curve shows the assumed variation n h, ie. x in
the Ginzburg-Landau free energy. The heavier curves
show the vanation of i at two values of y: one 15 j =0
and the other 1s j = 0.5, the highest current for which a
solution could be found.

3.4. Larger barriers

The calculations were repeated for barriers with larger
values of a and n. which involves extrapolation of the
Ginzburg-Landau theosv into material in which x is
positive. This 1s certainty valid for a superconductor not
far above its critical temperature and s a plausible
hypothesis for material that does not become supercon-
ducting even at absolute zero.

The results are shown 1n Figure 5. This shows the
reduction in the depainng current at various values of u
for n = 1 to 6. We conclude that /. drops roughly expo-
nentially with both width and depth of the drop in H,
at the boundary. Bands covering the current densities
seen in sintered matenals e 1000 A cm ™) and single
crvstals (300000 A cra %) are shaded. These show that
in sintered matenals the foot of the barrier we are
looking for could be, for example. just normal at the
centre with 4 half width of greater than 65, or could be
distorted ten times the amount needed to decrease 1t to
normal. over 4 width 2.

3.5. Temperature dependence

In order to predict the temperature dependence of J, we
need to know how H_ vares with temperature. We
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Figure 5. The vanation of J_ with width and cegree of

reduction of H. HereH_ =+ [ —a expl—x n}7]

assume

H. = H;.m[i | ;”

To use this we also need to know how T, varies across
the barrer, given the vanauon of H,. We suppose that
the damage reduces x by the same amount at all tem-
peratures, leaving j constant. The vanation of H_ with
temperature in damaged and undamaged matenal s
ilustrated 1n figure 6. The curve for undamaged
material 1s shifted down by the damage. with the impii-
cation that H_ is proportional to T, Since the tem-
percature s varving we now have to normalise equatons
to the values at 0 K well away {rom. the boundary. 1e.
I, H0)and J(O). As betore. 2 and H, refer to values
well away from the boundary at the temperature of
interest. Then

Sz aHAOVH, )?

> 1

J, =7 H , H0n-

1

and
H , = HO[l =T Ty] = HaONl -9

Putting the distance 1in unmits of I, and substituting
/= J normahised by the deparring current at 0 K in

Flgure 6. /ariation ot 7 witn H e 3y The upper turve s
for undamanged material and tre ower for damaged
material

r

Figure 7. The variation of J,. with temperature if H, =
H..[1 = 2exp(—x 5))7]

equation (41 gives

3

4
2703 =y

R

+ [I —17 —u cxp( — )J\ — Vil - =0
R 4 0

This equation was soived as before for various values of
t and ftigure 7 shows the results for T, =93 n = 3 and
a =2

The theoretical curve looks a bit like a Gaussian of
half wiadth about half T.. However. over the range
4-30 K it 1s remarkabiyv linear. extrapolating to zero at
around 30 K. Above 30 K the critical current density
decays rapidly to very low values. By changing the
parameters 1t 1s possible to vary the cniucal current
density and the temperature at which 1t becomes small
but the general shape of the curve remains stmilar. The
lower 1s J_ at O K the {ower 1s the temperature at which
J_starts to drop rapidly.

3.6. Low-angle grain boundaries

Experiments bv Dimos er al [3] have shown that low-
angle grain boundarnies can cause significant reductions
in critical current density, even when apparently quite
clean. A low-angle grain boundary is made up of a row
of edge dislocations. and outside the dislocation cores,
which only occupy a small proportion of the boundary.
the main etfect 1s a large linear elastic stram. It s
extremely difficult to apply such large stramns to bulk
samples except under purelv hydrostatic conditions so
there are few data on the ctfect of shear strains on 7. 1t
is plausible that the effect 15 large. notwithstanding the
small effect of hvdrostatic pressure A shear strain of |
produces essentially a4 different crystal structure which s
unlikeiv to be superconducting. Within the limitations
of a one-dimensional solution we model the effect of a
grain boundarv as follows. We assume that T, falls as
the square of the strain 0y preserve the symmetry of the
houndary Since T, 1s insensitive to pressure the com-
ponent Of strain used was the son Mises equivalent
shear strain For the results shown the sensitivity o
strain was taken to be such that 7. was reduced 1o zero
by a strain of 107 This would correspond to a stress of

i
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Figure 8. The vanation of 4, and w near a low-angle gramn
houndary ol B onchination it 7 goes to cero at a strain of
10", The arder parametar s plotted for both zero and
critical current

about 4 GPa The relation between IDoand s tuken
to be the same as tor the disordered graun boundary
treated above.

A eramn houndary of angle ¢ has dslocatons b dis-
tance b O apart, wheee b s the Burgers vector. We take
hoto be the unit cell size, which s approximately equal
=y 2 and

o We consider two dislocations at v =

a0

use the one-dimensiondl Cnnsburg Landau equation for

currents fowmnyg paradlel to the v oaxis. The etfect of

sobving the full problem will be to depress the order
parameter on the o axas, where the total shear stram s
minimum, and to rase it near the cores due to proxime-
ity etfect m the o directions To miminuse this etfect we
look at the currents at a distance 0.X of the distance
from the v axs to one of the dislocation cores. The dif-
ference from the two-dimensional solution s unhkely 1o
be as farge as atactor of ten,

Frigure % shows the varnton of [f and the order

narameter for a6 boundary The lower order param-

N

cter s for the critical current which s .27 ot the bulk
deparrme current Freure 9 shows the entical current

Figure 9. Cotie gl carrent g g fancion of gran houndary
Aftgle

Coticat curronts ot baroers an high T supercondactors

ol e

Figure 10. C.itical current as « function of temperature for
a6 boundary

density as a functon of gram boundary angle. Figure 10
shows the cnitical current density as a function of tem-
perature. The cntical current density of the complete
boundary could be obtamed by repeating the solutions
for values of v between the dislocation cores and
averaging, but inoview of the other approvamations
made we have not done this. A tull solunon would
require 2 two-dimensional varation of J to optimise the
current distribution.

4. Discussion

I'he main conclusions to be drawn from these results
dare qualitative. The first comes from the reeme in which
the Ginzburg Landau cquations are known to be aceu-
rate. This s close to Toand with barniers that are fully
superconducting at absolute sero. evenal the centre many
he normal at temperatures close to the bulh 770 The
veneral result s that for all three tvpes of barner the
most plausible assumptions lead to current denstties
much higher than those observed. This 15 because we
are looking for a reduction from the depatning current
of the order of 107 for sntered material and  this
requires very large changes in the Gunsbure Landau
paranmeters,

Where the reduction s due to the boundary condi-
ton J_ s reduced roughly i proportion to A so that we
need values of A of the order of 10 Y201 1 the surtace
I s zero A s the order of 2, so there s a manor dis-
crepancy here Continuous barners must be wide to
reduce the current density to expenimental values A

A

barrier in o which v vanes v T Zeapt o s
normal over a distance S0 This has a entcal current
density of 10T A am which v within the veneral
range observed. Tt seems doubttul that clean boundaries
could cause such disruption. and 1t suegests that impu-
ity seeregation at vrun boundanes s causime the fow
current densities Simvbariv the sensitivits ot 1oto shear
stram must be much Lareer than to hvdrostatie sttin o
the results are to be explamed by ths mechanism

[E s possable that our esomate of the deparning

current s too heh Iwe deaerard the absolute maem-
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tudes then the general form of the current density varia-
tion is in agreement with a number of experiments. The
variation of J, with temperature shown tn figure 7 was
similar over many orders of absolute magnitude tn J_.
The striking feature of the curve 1s the wayv J_ behaves
rather linearly but extrapolates to zero at about half T,
instead of to T, tself as tends to happen with tux
pinning models. The connection of this with new con-
cepts introduced to explain the magnetic properties of
high-T, superconductors 1s discussed below.

The variation of J. with grain boundary angle
shows a drop of a factor of ten for an 8 grain bound-
ary. This is in qualitative agreement with the expen-
mental results of Dimos er uf [3]. However, to obtain
this result a number of approximations were made
which are likely to underesuimate the critical current
density and the results were sull two orders of magni-
tude greater than observed. In fact these experimental
results contain features that will be difficult to explain
on any model. We expect the grain boundary to atfect
the ¢ritical current when its current density drops below
that determined by ptnning centres. This would lead to
an niual range of grain boundary angles that had no
etfect on J, since the bulk pinning limit was reached
first within the zrains, but this was not observed. Also
pinning current densities within grains should be inde-
pendent of grain boundary current densities but a close
correlation was observed. It 1s clear that more experi-
ments are required to clanfy the situation.

The approxumation used does not allow tor any
vartaton of J, with magnetic field since the junctions
were assumed to be narrow. However, the criucal
current of a tvpe I superconductor can be related to
the zero-tield depairing current. multiplied by one factor
to take account of the reduction in mean order param-
eter and another to allow for less than tdeal pinning.
Since the critical current of 4 broad tunnel junction will
depend on the pinning of Josephson vortices we expect
the same to apply and the cntical current in a feld will
be closely related to the depairing current in zero field.

5. Relevance to alternative models

The experimental resubts on high-T. superconductors
have led to a number of suggzestions for new models to
describe their behaviour This may be partly due 1o the
fact that & large number of experniments have been made
a5 4 funchion of temperature, while most experiments on
conventional tvpe [ superconductors have been done at
constant temperature. This has obscured the consider-
able similarities between them. Another complicaton s
that 1o many. and possibly all. regimes even single cryvs-
tals of high- T superconductors display two sets of
properties. One iy assoctated with boundaries, the other
wtth the deal crvstallites. Fach has ws own /10 170

and H o, 1t rare for g owade ranee of expenments 1o
he done on the same sample so that no consistent
picture has emerged. A recent review by Malozemott
[4] shows these inconsistencies clearls

Let us first consider the connection between the
weak links calculated in this paper and flux pinning. A
number of authors have pointed out that there s no
sharp dividing line between Abrnikosov vortices in bulk
materials and Josephson vortices in boundaries 5. 6].
Identical phenomena in the two svstems have been
described in quite different ways because artificial
Josephson junctions have very low current densities and
J. drops rapidly at fields comparable to H,, in type 11
superconductors. The result 1s that completely separate
regimes of field and current are involved. However, in
high-T, materials we appear to have a range of barriers
which vary in therr properties from something close to a
typical tunnel barrier to something with a current
density of 10° A ¢m " in a field of 3§ T. We therefore
expect to have to use models based on Josephson junc-
tions, such as the spin-glass model (7], up to tields not
previously associated with Josephson junctions. By the
same token. models based on flux pinning should work
down to very low fields provided we use parameters
appropriate to the juncuons rather than the bulk
material [t 1s therefore not surprising that no experi-
ment has distinguished between the spin-gluss model
and the flux pinning model. They are alternative formu-
lations of the same phenomena.

What the experiments do seem to show 1s a much
more rapid decrease n J, with field and temperature
than 1s observed 1n convenuonal superconductors. This
1s seen 1n a number of experniments such as the sudden
appearance of magnetic reversibility at a certain field or
temperature. [t 1s now fairly clear that the reversibility
and large Messner etfect in high- T, superconductors s
due to the small size of the current-carrving regions
rather than low pinming, and any ncrease in reverst-
bility might be due to a change in the size of the current
paths rather thun a change in pinming force. However,
the variation of depaining current with temperature in
tfigure 7 does show a very rapid decrease in [/, at about
half T, which 1s consistent with a ‘reversibility fine” [7].

As MalozemotT has pointed out [4]. this reversibility
line varies with frequency and sensitivity. so 1t s far
from a well detined quantuty. but it 1s worth considering
two other explanations that have been proposed for it.
[t has been suggested that "Hux latticc melting’ 15 an
cxplanation [8] This supposes that the shear modulus
of the vortex lattice 1s small. leading to an amorphous
fattice. Such latuces have been observed 1n conventional
superconductors at low fields However. all theornies of
Aux pinning predict a large mncrease in /o oas aathee
rigidity decreases and there s a good deal of experimen-
tal evidence to show that this s the case {9 so flux
lattice melting does not seem a very hikely explanation
of reversibility.

A more plausible explandtion of reversibthty s rapid
flux creep. The potential pinnime Hux nes, Uiy much
greater than AT in conventional maternals but the small
coherence length and higher temperature ramses the
possibihty that U s of the same order as AT heph- T
madtertals. The resuit of this would be tlux ow pro-
portional to the driving toree so that the matenal would
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behave as o hinear resistor An etfect of this kind s seen
i the broademng of the resistive transiion when a
magnetie ticld s apphed. and this has been explamed by
inkham [ 10} with a calculatton of the energy well o
perfect single crystals.

Both these models imply that above the reversibility
line the critical current s zero i the same way that the
shear strength of a hiquid s zero. The most sensitive
way of detecting true reversibility s the susceptuibthity
transition m a magnetc ticld. A reversible ivpe T super-
conductor s shghtly paramagnetic between zero and 7.
<o that no diamagnetic transition 1s observed, although

this has only been seen 1n very reversible material of

low & value [11] Aoy diamagnetic transition s due to
pinning cffects. The midpomnt s where the pinning pen-
ctration depth s of the same order as the particle size so
that in high-T; superconductors it bears little refation to
Ho o TE2] Te wall depend on graim size, pimng strength
and frequency (because of the viscous drag on lux hine
movement). The theoretical paramagnetic susceptibility
s 1 2x7 and so very small. but a true reversibiity based
on hinear flux creep wouid mean that the diamagnetic
transitton would not begin until the resistance was zero
Even a smail diamagneue signal above the reversibiliy
lime means that the Hux creep explanation of resistance
cannot be a bulk effect. A network of junctions separat-
my stronger pinnming matenai feads to a duamagnetic
stgnal at T, provided J s not exceeded by the osallat-
ing external tield. Since this would fead to large
amplitude-dependent  non-lincanty,  cxperiments  re-
ported are usually below this mit. so that we expect
that the diamagnetic transition would b-. broadened but
the start would indicate f/_.. On the other hand reversi-
bty due to flux creep would mean that the dia-
magnetic transitton wouid not start at H_, but would
hegin when U > A7 Measurements of the dramagnetic
transition would theretore show a drop i the onset on
application of a tield. This has been seen in BiScCaCu©)
[13] at the very low teld of 13 mT but 1t 15 hard to
reconcile this modet with the wery high current densities
observed at high fields m thin films 1f buik flux creep s
sofast at 13 mT. Measurements on Y BaCuO show only
a 10 change in the onset of dlamagnetism at 3 T | 14]
which 1s more consistent with 4 genuine vartation of 7
with ticld.

Although the temperature varation of J o a prox-
imity etfect barrier mav be enough to explam reversi-
bility near T there s a devel of ertical current below

which flux creep will ehiminate irreversibiltty at low tre-
quencies The energy barrer for lux crossimg a4 junction
v and this can be ased for the activation eneray i
the theory of flux creep. For rapid flux creep O - AT
which grves aeritical current of 05 AL at R0 Ko In sin-
cered material with grams S amoan diameter this oceurs

Critical currents of barniers i high-T, superconductors

at acurrent denstty ol 2 A cm L which suggests that
rapid  flux creep s assoctated  with very amperfect
boundaries. It the current density of the boundary i~
rased to useful vilues the Nux creep should cease to be

a problem.

6. Conclusions

With suitable values of the Ginsburg Landau param-
eters the critcal current densities of several tvpes of
boundary can be predicted. To explam the values
observed, very large changes 1 the paramcters from
therr normal-state values are needed. Although this s
not impossible 1 clean matenals it suggests that com-
posttional vanations may play a major role in towering
J.. The vanaton of J_ with temperature may be sufli-
crent to explam the reversibiiity hine’
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Abstract
The critical current density in sintered YBCO was found to
vary by up to a factor of three in sintered material as the
angle between the sample and the applied field was varied.
Currents were always perpendicular to the field and the
effect is attributed to the demagnetising effect of the
sample. By defining H as the external field in equilibrium
with a flux density B we can use classical electromagnetism
to calculate the demagnetising effect. When J, is plotted as a
function of H or B in the material, rather than the external
field, the anisotropy disappears.

Introduction

Polycrystalline sintered samples of the superconductor
YBCO exhibit two current paths. The grains have very high
critical current densities, of the order 10° A/cm?®at 77K in
zero field. They are connected by weak links at grain
boundaries in which the critical current density is only of
the order 10°A/cm? in the best polycrystalline ceramic
samples. The intergrain critical current density is
extremely sensitive to applied field and the sample retains
a large diamagnetism even after the critical state of the
weak links has fully penetrated the sample. This leads to a
significant effective permeability and the effects on the real
and imaginary parts of the AC susceptibility have been
considered in some detail by Miiller (1). The flux profile in
a sample subjected to a small AC field at low superimposed
DC fields has been modelled by Gomory (2). In this paper
we show that in rectangular samples the demagnetising
factor can lead to a significant difference between the
internal and the applied field. This means that critical
current densities are not a unique function of the applied
field, but by scaling the field with the demagnetising factor
J. becomes a unique function of local fields, provided these
are averaged over regions large compared with the grain
size.

Experimental

Samples of YBCO prepared by the powder route were
pressed and sintered into solid pellets. From these bars
were cut, one 10 x 8§ x 2 mm, the second 18 x 7 x 0.7 mm.
All measurements were carried out in liquid nitrogen.

J. in the samples was measured inductively. A
sinusoidal field was applied with a drive coil and a search
coil round the sample measured the response. A balance

il
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coil was used to cancel the signal at low amplitudes in the
superconducting state and the signal measured with a lock-
in amplifier as the drive amplitude was increased from zero.
The signal produced in the search coil of the same phase as
that in the normal state measures the flux crossing the
boundary of the sample in each cycle (3). The advantage of
this treatment over measurements of the real and
imaginary parts of the susceptibility is that the curves are
more directly related to the penetration of flux into the
sample so that it is not so necessary to postulate formulae
and fit parameters. Since the intergrain currents are
orders of magnitude smaller than the intragrain currents
the signal from the search coil plotted against drive
amplitude shows a clear discontinuity in gradient. The
discontinuity corresponds to the point at which the flux has
penetrated all the weak links to the centre of the sample,
and 1s now beginning to penetrate the grains themselves.
The value of the drive field at this point is the field across
the sample, and J. can be calculated by dividing this field by
the radius of the sample.  The precision of this method is
greatly enhanced by differentiating the signal with respect
to the drive amplitude and plotting this against drive
amplitude (Kupfer,4). A typical plot is shown in figure I.
The change in the slope is easily seen, and this is the point
at which intergrain currents have penetrated to the centre
of the sample. From this plot we obtain the average critical
current of a sample, including self field effects. Self field
effects appear as a curvature at the start of the trace and
are dealt with in a subsequent paper. They were only
present in large samples. The ratio of the gradient in the
signal beyond the discontinuity to that when the sample is
normal gives the effective volume fraction of normal
material, and is used to calculate the effective permeability.

A DC magnetic field up to 12 mT could be applied using a
solenoid which enclosed the sample and the AC coils. The
sample remained in the same orientation with respect to the
AC coils but its orientation with respect to the DC field could
be altered at will. Two orientations were chosen. In one
the largest dimension of the sample was arranged parallel
to the applied DC field, in the other the smallest dimension
was arranged parallel to the applied field. The coil
arrangements are shown in figure 2. With this geometry
most of the current flows perpendicular to the field and
across the broad face of the sample. It is this critical
current which is measured in both orientations by the AC
susceptibility technique.




Results

The measurements of J_ with respect to applied field in
the two orientations are shown in figure 3. As can be seen
the fall in J, is much more rapid in the sample when placed
with the smallest dimension parallel to the applied field
and the maximum difference in J_ is a factor of five. This
can be related qualitatively to the demagnetising factors of
the two shapes, and the volume into which the flux is able
to penetrate. It is known that the flux penetrates between
the grains, and we call this effective volume of "normal”
material V; This is illustrated in figure 4. The effective
volume of "normal” material was generally found to be
around 0.4 of the total sample volume. Although this seems
large, it includes the pores in the sample which become
accessible to the field once the intergrain currents are
broken down in addition to a depth approximately equal to
the penetration depth A round each grain.

Theory
The qualitative origin of this effect can be seen from the

simple model microstructure illustrated in figure 4. which
consists of cubes of superconductor separated by grain
boundaries. In a long rod parallel to the field the field
within the boundaries is equal to the external field while
the average flux density is reduced in proportion to the
volume fraction of the grains. If on the other hand the
sample is a slab perpendicular to the field all the flux which
passed through the area must now be concentrated in the
weak links. The average field B is the external B and the
field in the weak link is increased in proportion to the
volume fraction of superconductor. This simple model
appears to make the quantitative results dependent on the
detailed shape of the microstructure. However we show
below that the situation is an excellent example of the
universality of Maxwell's equations provided we define the
fields H and B as averages over appropriate volumes of the
material. In this case the appropriate volume is several
times the grain size.

Following the treatment of Landau and Lifshitz (5) the
flux density B is the average over many grains of the field
on an atomic scale. The definitions of H and M, which are
clear in ferromagnetic materials (Brown, 6), are not so
obvious in superconductors, where individual localised
magnetic dipoles cannot be identified. Josephson (7) used
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the derivative of the free energy with respect to B, while
Evetts and Campbell (8) used the external field in
equilibrium with B. The first two definitions lead quickly to
the third which is directly related to simple experimental
measurements of permeability. The fields so defined obey
Maxwell's equations. They can be averaged over any region
small compared with the sample size and we shall average
over several grains. The relation between B and H follows
directly from the flux density in a long cylinder parallel to
the field, provided there is no significant penetration of the
grains. It will be linear and B = ppu H, where u is the
permeability measured directly, but approximately equal to
the volume fraction of normal material between grains, ie B
= Viu H.  The usual relations tetween fields then hold, ie B
= uoH +u M and H = H; - nM where H; is the applied field.
The result is illustrated in the critical state of a long rod
parallel to the field in figure 5. The critical transport
current is dH/dx and the flux density gradient dB/dx. If we
plot J_ as a function of applied field we get J.(H). (In the case
of the simple microstructure in figure 4 H is the field
between the grains). If we put a slab perpendicular to the
field we can find H in the material using the effective
permeability and the demagnetising factor. By scaling the
applied field by the appropriate factor we should be able to
bring the two J, curves into coincidence.

It i1s immaterial whether we plot J.(H) or J(B) provided we
are aware which it is we have measured. It should also be
noted that the term 'internal field' is a vague one and has
been used to mean both H and B by different authors. It is
not necessary for the field between the grains to be uniform
for the treatment to be quantitatively exact.

Using the three relationships between M, H and B above,
and eliminating M we get

H
L. ¢ B :
H=100-vp (1)

where Hg is the external applied field, and n is the
demagnetising factor of the sample shape.




The demagnetising factor varies between zero and 1,
and therefore for a typical value of Vi = 0.4 H may vary
between Hy and 2.5H,. Since J, is so sensitive to field it is
not surprising that that this leads to large changes in the
critical curent. The demagnetising factors for a general
ellipsoid have been calculated, and curves compiled for
differing ratios of the semi-axes (9). Calculation of
demagnetising factors for shapes other than ellipsoids of
revolution is rather difficult, so in this experiment the bars
were approximated to ellipsoids. The first had
demagnetising factors 0.1 and 0.68 in the two orientations
and the second O and 1. The two values of H were then
calculated from equation 1 and found to be 1.06H, and
1.69H, for the first, and Hy and 2.5H, for the second. If the
demagnetising effect due to the shape and orientation of the
sample is responsible for the differing response to the
applied field, the curves should coincide if the field scale in
the perpendicular orientation is scaled by 1.69/1.06 in the
first sample, and 2.5 in the second. The effect of scaling is
shown in figure 6. The curves now coincide, within
experimental error.

Conclusions

Geometry of the sample must be taken into account
when measuring the effect of applied field in Jc in granular
materials. The fall in Jc measured experimentally was
shown to be strongly dependent on orientation, and could
be explained using the demagnetising factors in the two
orientations chosen. The results confirm the general theory
of electromagnetic fields in materials which allow Maxwell's
equations to be averaged over an arbitrary volume of an in
inhomogeneous material.
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List of captions

1. Signal differentiated with respect to drive amplitude
plotted against drive amplitude.

2. Orientation of sample with respect to the field and
measuring coils in the two cases.

3. Critical current densities of the two samples as a function
of field in the two orientations.

4. A simple superconducting composite model.

5. The distribution of H and B with depth for a constant
critical current density plotted as a function of field, with
the field scaled according to the demagnetising factor.

6. The critical current density for the two orientations as a
function of H. For one orientation H is the applied field, for
the other the applied field is scaled according to equation 1.
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